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Abstract The activated sludge process has been widely applied in the wastewater treatment for the past 100 years because of its high efficiency. The water content in waste activated sludge (WAS) accounts for over 90% [1], which leads to higher operating costs for disposal and transportation of sludge. However, to-date, the efficiency of the sludge dewateribility remains as a major challenge and progressive research are currently been conducted.  To remove the water from WAS, several feasible methods are used in the majority of wastewater treatment plants, which can be categorized as: thickening, stabilization, dewatering, conditioning and disposal [2]. In this study, chemical conditioning by combination of ferrous and ferric ions and forward osmosis (FO) membrane filtration are chosen to increase the sludge dewatering performance due to their advantages of cost-effective and simple operating procedure. Based on the experimental results, both ferrous and ferric ions can enhance the sludge dewaterabilty. However, ferric is verified to be more efficient than ferrous. This is due to the higher charge density of ferric and better bridging properties that provides stronger flocculation for water removal. In addition, Forward osmosis process is not a promising technique for enhancing anaerobic digested (AD) sludge dewaterability.  The digestion would break the cell into small substances, which leads to a deteriorative membrane fouling. Although applying iron conditioning and FO process together increases the rejection percentage of nutrients, the water flux performance is still unsatisfactory because of the serious membrane fouling.  
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Abbreviations 
Acronym        Definition 
 
AD sludge        Anaerobic digested sludge 
CST             Capillary suction time 
DOC            Dissolved organic carbon   
DS              Dry solids 
EPS             Extracellular polymeric substances 
FNA             Free nitrous acid 
FO              Forward osmosis 
MLSS            Mixed liquor suspended solid 
ORD             Oxidative reductive depolymerization 
SRF              Specific resistance filtration 
SS               Suspend solids 
TS               Total solids 
VS               Volatile suspend solids 
WAS             Waste activated sludge 
WWTP           Wastewater treatment plan 
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1. Introduction 
The water resource has become one of the most demanding resources currently with the rapid 
increasing of population. Reusing sewage and wastewater can mitigate this issue greatly, while 
activated sludge process, which contains several steps to treat the effluent, has been widely 
applied widely over a hundred years because of the high efficiency. However, waste activated 
sludge (WAS) from the wastewater treatment cause a high cost for treatment and disposal of 
produced sludge. The previous study verified that water content in the sludge accounts for around 
90% content and sludge dewatering can help reduce between 75 to 80 percent of transportation 
and storage expenses [3]. Therefore, investigating a feasible approach from both economical and 
environmental perspectives to reduce the sludge volume by removing water is the first priority.    
Thickening, stabilization, dewatering, conditioning and final disposal are the five approaches that 
commonly used to deal with the sludge dewaterability, while chemical conditioning has great 
potential in improving the performance of sludge dewatering because of energy saving and 
cost-effective. Ferric and ferrous of inorganic flocculants are the most widely used flocculants in 
recent years, however, the mechanisms are still unclear.  
In addition to chemical conditioning, forward osmosis (FO) also provides another feasible 
method to reduce the volume of WAS. Compared with other existing membrane-based filtration, 
such as reverse osmosis (RO) and microfiltration (MF), the advantages of FO membrane 
filtration are lower energy consumption, simple operation procedure and considerable cost 
reduction (Valladares Linares et al., 2013). Although many literature have indicated the 
satisfactory results by applying FO process on activated sludge with high-suspended solids, there 
are very few studies conducted with other types of waste sludge. 
Therefore, this research study will be separated into two parts:  
• Dewatering effects by addition of iron dosing 
• Feasibility of FO membrane filtration. The objectives of this thesis project are 
summarized: 
Objective 1 
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To study the dewatering effects via addition of ferric and ferrous respectively, and also analyze if 
some reactions between ferric and ferrous could occur to increase the efficiency when 
conditioning the sludge with the combination of two iron salts together. 
Objective 2.  
To observe the improvement of sludge dewatering performance with acid-alkaline pretreatment. 
Objective 3 
To analyze the feasibility of FO membrane filtration in treating two different sources of sludge 
(anaerobic digested (AD) sludge and AD sludge with FNA pretreatment) on aspects of water 
flux, membrane fouling and rejection performance of nutrients. 
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2. Literature review 
2.1 Introduction of waste activated sludge (WAS) 
Activated sludge process has been widely applied to wastewater treatment over a century due to 
the high efficiency. However, the drawback of this process is the production of the waste sludge 
that increase the operating cost for disposal and transportation of WAS. This was due to the high water content in the sludge, which is commonly reported to be around 90% [3].In conjunction to this scenario, the current research direction to be focusing on improving the sludge dewateribility, in which this will contribute in lowering the operating cost of the wastewater treatment plant.     
2.1.1 Production and classification of WAS 
The sludge is referred to all of solid substances, including precipitates, suspended solids and 
colloids produced by various kinds of methods used to treat sewage and wastewater, such as 
physical, chemical or biological.  
In the sewage biological treatment process, the sludge mainly produced in the grille, grit 
chamber, primary settling tank and secondary sedimentation tank. In general, the first three units 
of sludge, which are sediment and suspended solids from the sewage, are known as the initial 
sinking sludge, while the sludge produced from secondary sedimentation tank is called activated 
sludge, since it is composed of microbial flocs, organic pollutants and inorganic impurities, with 
biological activity. When the activated sludge is discharged from the biological treatment system, 
it is called the residual activated sludge [4]. For better depiction, the activated sludge treatment 
(AST) process is shown in Figure 2.1. 
 
 
Figure 2. 1 Schematic of wastewater treatment process [5]. 
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2.1.2 Composition and properties of WAS 
Activated sludge is the residue after biological wastewater treatment, which composed of organic 
debris, bacterial cells, inorganic particles and colloids. Both plant nutrients and toxic ingredients 
are contained in the WAS, while the components are combined by special forces such as 
electrostatic forces, van der Waals forces and hydrophobic forces [6]. In general, activated sludge 
from the sewage treatment plant is a mixture of liquid and solid with loose structure and high 
water content. Although there is a certain degree of liquid content, it is still difficult to separate 
the solid and liquid through the natural settling process. The main characteristics of activated 
sludge are high organic matter content, small sludge floc, high water content (up to 90%), and 
difficulty of dehydration [3]. Activated sludge will bring serious secondary pollution, if it cannot 
be treated timely and effectively. 
2.1.3 Importance of sludge dewatering treatment and disposal  
The activated sludge process has been widely used all over the world to deal with both industrial 
and domestic wastewater since it able to treat more wastewater per unit volume than other types. 
However, high WAS production with over 90% water contained from secondary settling tank is 
one of the biggest challenges for conventional activated sludge process [7]. For example, it is 
estimated that China has produced over 1.43 × 107 tonnes of waste sludge with 80% water 
content in 2007 [8], and the cost of sludge treatment ranges from $200 to $500 per dry ton of 
COD [6]. Transportation and storage are large shares of costs as transporting a great amount of 
sludge over a great distance to reach disposal sites. Therefore, improving the sludge 
dewaterability to reduce disposal costs is worth being considered. 
2.2 Dewaterability of waste activated sludge 
The presence of extracellular polymer substances (EPS) and particle size of the sludge are the 
main factors affected the sludge dewatering. Exploring the mechanisms of sludge compositions 
and properties are essential to increase sludge dewaterability. 
2.2.1 Water in the activate sludge 
In order to increase the sludge dewaterability, physical properties of water in the WAS has 
received considerable research attention. Free water and bound water are the two fractions 
constituting in the water content of the activated sludge [9]. 
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2.2.1.1 Free water 
The free water, which accounts for a large part of moisture content, can be eliminated easily by 
simple thickening or mechanical dewatering methods because of loose combination with the 
sludge [10] Schematic of free water in WAS is shown in figure 2.2. 
2.2.1.2 Bound water  
The bound water are characterized into three types [11]: mechanically bound water (interstitial 
water), which is the water reserved in the spaces between flocs or cells; physically bound water 
(vicinal water) means the water that adsorbed or absorbed on the surface of solid particles; and 
chemically bound water (hydration water) is the water that cannot move due to strong chemical 
bindings inside the cell. Mechanical dewatering can only separate some of the interstitial water. 
Because of the large surface area of sludge particles, vicinal water, which accounts for a large 
percentage of bound water, is hard to separate mechanically. The reason why the bound water is 
hard to remove is the stronger mechanical strains, such as capillary forces or chemical bonds 
[12]. There are many techniques investigated to release bound water, for instance, classical 
Fenton, flocculation, acid and physical treatment [13]. Schematic of three different types of 
bound water are shown in Figure 2.2. 
 
Figure 2. 2 Schematic diagram of free water and bound water in activated [14]. 
 
2.2.2 Performance and measurement of sludge dewaterbility 
The properties of WAS has a significant influence on the process of dehydration, and the choice 
for dewatering technology is always determined by the physical properties of WAS. In general, 
moisture content and solidification rate, specific resistance to filtration (SRF), capillary suction 
time (CST) and time to filtration (TTF) are the common measurements to characterize the 
physical properties of activated sludge [15]. 
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2.2.2.1 Moisture content and solid content 
Moisture content is one of the significant physical properties of WAS, which determines the 
volume of WAS. The proportion of moisture in the sludge is the moisture content, which can be 
defined as follows: 
𝑤𝑤 = 𝑚𝑚−𝑚𝑚1
𝑚𝑚
∗ 100%        (Eq. 2.2.1) 
Where m is the mass of the activated sludge sample, 𝑚𝑚1 is the weight that sample m after drying 
with 105 ℃ to constant. 
The solid content of activated sludge 𝑤𝑤′ can be expressed as: 
𝑤𝑤′ = 1 − 𝑤𝑤 = 𝑚𝑚1
𝑚𝑚
∗ 100%        (Eq.2.2.2) 
Until now, there is no strict standard for the evaluation of the dewatering performance. Due to 
speed, pressure, dehydration time and other conditions cannot be unified; the final moisture 
content of mud cake is also different. However, a better sludge dewaterability is evaluated by the 
lower moisture content and volume of activated sludge. 
2.2.2.2 Specific resistance to filtration (SRF) 
SRF reflects the resistance when water molecules pass through the mud cake, which can be 
expressed as follows: 
𝑟𝑟 = 2𝑃𝑃𝐴𝐴2𝑏𝑏
𝑢𝑢𝑢𝑢
        (Eq. 2.2.3) 
When SRF becomes smaller, it shows that the resistance is reduced and the activated sludge is 
easier to dehydrate.  
2.2.2.3 Capillary suction time (CST) 
CST is an indicator of the degree of activated sludge dewaterability. CST tester is used to 
measure the dehydration, which refers to the time it takes for the activated sludge sample to wet 
the filter between the two circles on the instrument. It is obvious that the larger CST value, the 
worse performance of sludge dehydration. Although CST is not based on the theoretical analysis 
of sludge dewaterability, this method is commonly used due to simple operation and providing a 
wealth of data on the effects of sludge dewaterability [16]. The equipment’s installation is 
demonstrated in Figure 2.3. 
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To show the enhancement of sludge dewatering directly, the reduction percentage R (%) of CST 
was used, which is expressed below:  
𝑅𝑅 (%) = 𝐶𝐶𝐶𝐶𝐶𝐶0−𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶0
× 100%        (Eq. 2.2.4) 
Where 𝐶𝐶𝐶𝐶𝐶𝐶0 represented for the CST of the original sludge (unit); and 𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 referred to the 
CST after treatment. 
 
Figure 2. 3 The standard apparatus (model 304B CST, Triton Electronics Ltd) [17]. 
2.2.2.4 Time to filtration (TTF) 
TTF also indicates the degree of dehydration of activated sludge. During the process of vacuum 
filtration, the time required when the filtrate volume is equal to half volume of the original 
activated sludge is TTF. Therefore, the smaller TTF value shows the easier for the activated 
sludge to filter, which means the better dewatering performance. 
As literature review introduced, the sludge dewaterability can be indicated by four parameters. 
Capillary suction time (CST), which gives feasible information on sludge filterability and on the 
rate of water removal, is applied in this thesis project experiments due to affordability and simple 
measurement procedure (G Peng et al, 2011). In addition, the other parameter, solid content in the 
sludge, is also used together as evaluating the dewatering extent in this project study to reduce 
experimental errors. 
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2.2.3 Factors influencing sludge dewateability 
The dewatering performance of WAS is related to the composition, properties and characteristics 
of flocs, for example cation, extracellular polymer substances (EPS), surface charge, and particle 
size distribution, etc., which will have the decisive effect on the dehydration performance of 
activated sludge [18]. 
2.2.3.1 Impacts of EPS on dewaterability 
EPS mainly consisting of proteins and polysaccharides are a complex mixture of polymers with 
high molecular weight [19]. EPS, which obtain nutrients from bacteria, are present in large 
quantities of sewage sludge [20]. Since EPS are highly hydrated and are able to bind a large 
volume of water, it has a considerable effect on the sludge dewaterability. The experimental 
results made by S.J. Skinner et al (2015) shown in Figure 2.4 have verified this point. The 
relationship between components of EPS and dewatering properties has been highly concerned in 
recent years.  
 Figure 2. 4 Volatile Suspended Solids (VSS) versus Final Average Cake Solids (xF) [21]. 
However, there are some controversial views about the performance of sludge dewaterability 
influenced by EPS. Some references showed that the performance of sludge dewaterability will 
enhance when the EPS content increases, which is possible because of lower shear sensitivity and 
lower degree of dispersion from higher EPS content [22]. Since various components in EPS have 
different impacts on sludge dewaterability, more studies and researches are still conducting. 
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2.2.3.2 Surface charge 
The surface charge of WAS is generally negative due to the physico-chemical interactions 
between microorganisms, inorganic particles, EPS and multivalent ions [23]. Some studies 
indicate that the larger the surface charge, the more colloidal repulsive force, and the more 
dispersed the activated sludge floc. All factors above have led to the difficulty of sludge 
dewaterability [24]. 
Zeta potential is used to characterize the surface charge of activated sludge. The higher the Zeta 
potential of the particles, the more stable the floc and the worse the performance of dehydration 
[25]. Therefore, reduction or neutralization the surface charge of the floc to enlarge the particle 
size is an available approach to enhance the performance of sludge dehydration. 
2.2.3.3 Particle size distribution 
The size of particles of WAS is also another factor affecting the sludge dewatering performance. 
In general, the larger the particle size, the smaller CST value of the activated sludge, indicating 
that increasing the particle size can improve the performance of activated sludge dehydration 
[26]. The mechanism is to facilitate the water molecules passing through mud cake of sludge 
because of increasing particle size, so that the rate of dehydration of activated sludge will be 
accelerated. In addition, the increasing of particle size leads to the decrease of specific surface 
area of floc and the decrease of vicinal water content. 
2.2.4 Current methods for dewatering WAS 
Necessary sludge dewatering treatment processes contain the following five steps, which are 
thickening, stabilization, dewatering, conditioning and final disposal. The relevant descriptions 
and effects of these five steps are summarized in the Table 2.1. 
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Table 2. 1 Summary of current sludge dewatering treatment process. Process Objective Effect 
Thickening 
[27] 
Treated as the first step in a sludge treatment process, is separating 
and removing a portion of the liquid phase by gravity, dissolved 
air flotation and centrifugation thickening. 
6% of the solid content could be improved 
after thickening. 
Stabilization 
[28] 
Lime is often added in chemical stabilization to eliminate 
pathogens and fermentation and reduce odors. 
Through aerobic or anaerobic digestion, 
the effect is usually achieved.  
Dewatering 
[29] 
Dewatering reduces water content by centrifugation, filtration and 
evaporation. 
Solid content might reach up to 50 to 70 
percent. 
Conditioning 
[14] 
Sludge conditioning is a process that sludge solids are treated with 
chemicals or various other means to improve dewatering 
characteristics of the sludge. Chemicals and other physical 
methods, such as heat treatment and freeze-thaw methods, are 
generally applied to condition sludge and biosolids. 
The EPS is usually flocculated or even 
some floc structure is disrupted after 
conditioning process, and the sludge 
dewaterability will be enhanced by 
released bound water from EPS. 
Disposal/Reuse 
 
After the treatment process, the sewage can be reused as industrial 
recycling cooling water and water for afforestation. 
The problem of water shortage will be 
mitigated. 
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2.3 Chemical conditioning 
Chemical conditioning is generally a process of adding appropriate chemical agents, such as 
flocculants, polyelectrolyte or surfactant, to change the nature of the activated sludge, thereby the 
performance of activated sludge dewatering will be improved due to the increasing floc cohesion, 
particle size and reducing the absorption of water by reduction of specific surface area of the 
particles [14].  
2.3.1 Addition of polyelectrolyte 
Cationic polyacrylamide (PAM) is widely applied in dewatering sludge which is from sewage 
and industrial wastewater with main mechanisms of electrical neutralization and adsorption 
bridging [30]. It has proposed that the water content in the WAS is affected by the addition 
amount, the molecular weight and the charge density of electrolyte [31]. In addition, the order of 
polymer addition, such as addition of iron salts or cationic polymers first, followed by the 
addition of inexpensive anionic polymers, can reduce the total amount of chemical conditioning 
agent when ensuring the effect the dehydration at the same time so that the cost of treatment can 
be reduced effectively [32]. The results from [33] described that the cationic and non-ionic 
polyelectrolyte have the same optimal dosage (5.8 kg/ton of ds) under single polyelectrolyte 
conditioning. And a better dewaterability was observed in dual polyelectrolytes conditioning at 
the identical polyelectrolyte dosage (see Figure 2.5). In spite of improvement of dewaterability, 
the disadvantages for polyelectrolyte conditioning are high costs of chemical agents and 
biological toxicity to a certain degree. 
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Figure 2. 5 The variation of CST with addition of different polymer dosage [33]. 
2.3.2 Acid-alkaline treatment 
The effects of pH on the performance of sludge dewaterability were illustrated by many studies, 
which showed that the addition of acid could change the surface properties of microorganisms, 
such as surface charge, to reduce the repulsive force between the activated sludge particles. 
Meanwhile, acidification treatment also leads to the hydrolysis of activated sludge, dissolution of 
organic matter and the destruction of microbial cells [3]. When pH was reduced to around 2.5, the 
surface charge on the surface of WAS is close to zero, which is regarded as the optimum 
dewatering performance with reduction rate of CST was around 80% [34]. The results from 
Wong et al [35] shown in Figure 2.6 have proved this theory. Both CST and SRF was decreased 
between the pH from 6 to 2.67, and the values of CST and SRF increased again when the pH was 
lower than 2.67. This means 2.67 is the optimum pH for dewaterability based on Wong’s result. 
After acid conditioning, CST reduction percentage reached around 81% indicating that 
acidification treatment is a feasible approach to increase the sludge dewaterability. The 
combination of acid and polyelectrolyte can further improve the dehydration properties of 
activated sludge [35]. 
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Figure 2. 6 Effect of different pH on sludge dewaterability indicating by CST and SRF values [36] 
High pH value also could improve the sludge dewatering performance. As the pH of sludge 
sample increased under extremely high pH value of solution, bacterial surfaces were negatively 
charged, which created high electrostatic repulsion. This causes desorption of extracellular 
polymers and results in disruption of the sludge cells within certain pressure, therefore, bond 
water will be released from the cells and the sludge dewaterability improved [37]. As Table 2.2 
depicted, experiments carried out at different pH proved that alkaline treatment led to a drier 
sludge solid cake in final with longer dewatering time [38]. 
Table 2. 2 Dewatering efficiency depending on pH [38]. 
 pH=3 pH=7 pH=9 
Final solid content (%)  35.37 35.20 34.50 
Solid content after filtration stage (%)  10.43 8.30 11.87 
𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓/𝑉𝑉𝑓𝑓𝑡𝑡𝑓𝑓  0.92 0.91 0.94 
Filtration phase duration (s)  10146 12583 46660 
 
2.3.3 Surfactant addition treatment 
Addition of surfactant breaks the structure of EPS by detaching the extracellular substances from 
the cell surface and even dissolving them. In addition, sludge dewatering will be further enhanced 
since surfactant disperses the activated sludge particles to change the floc structure. There are two 
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main aspects for the effects of surfactants on the properties of the activated sludge particles in the 
dewatering process. One is reducing the surface tension of the liquid surface, while the other is 
increasing the contact angle of the solid-liquid surface [39]. Although the filtration performance 
was enhanced and moisture content decreased significantly after pretreating with the dimer 
cationic surfactant, the prices of surfactants are quite high which prevents its widespread 
utilization [39]. 
2.3.4 Addition of inorganic salts 
Chemical flocculants are helpful to improve sludge dewaterability by flocculation sludge 
particles into larger particles or floc. In order to reduce the operational costs and unknown 
potential risk, inorganic additives are found to act effectively. Flocculation of flocs occur more 
easily in the presence of divalent and trivalent cations, which means the addition of inorganic 
salts can enhance the performance of activated sludge dewatering. Aluminum salts and iron salts 
are widely used inorganic coagulants in wastewater treatment. Meiqing Niu et al [40] compared 
the effects of three inorganic salts (𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃; 𝐻𝐻𝑃𝑃𝑃𝑃𝐶𝐶 and 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3) on sludge dewatering and the 
results are shown in Figure 2.7.  
 
Figure 2. 7 The variation of SPF value with different dosage of three types of inorganic 
coagulants [40]. 
From Figure 2.7, it described that the SRF declined from 126 ×  1010  m 𝑘𝑘𝑘𝑘−1  to 55.4 ×  1010  m 𝑘𝑘𝑘𝑘−1  and from 39.8 ×  1010  m 𝑘𝑘𝑘𝑘−1  to 15.5 ×  1010  m 𝑘𝑘𝑘𝑘−1  when the 
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dosage of 𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃 and 𝐻𝐻𝑃𝑃𝑃𝑃𝐶𝐶  ranging from 5% to 10% (g/g DS) respectively. The optimal 
dosage for conditioning with 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3  was 5–10% (g/g DS) and the SRF decreased from 18 ×  1010  m 𝑘𝑘𝑘𝑘−1  to 6.82 ×  1010  m 𝑘𝑘𝑘𝑘−1 . The value of SPF directly illustrates that 
𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 was more effective than the 𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃 and 𝐻𝐻𝑃𝑃𝑃𝑃𝐶𝐶. 
Because of the scope of this project, the mechanism of chemical conditioning by using ferrous 
and ferric ions will be introduced in detail. The principles of inorganic flocculants on sludge 
dewatering are not complete and still under-examined. It is generally believed that the 
destabilization based on ferrous or ferric chloride conditioning is attributed to the bridging of 
negatively charged sludge particles with positively charged iron hydroxide species. The positive 
iron ions neutralize the negative charge on the sludge flocs and reduce the repulsive forces 
between particles to enlarge the flocs size [41]. The theory is depicted in Figure 2.8. Besides, the 
presence of ferric hydroxide colloid generated by hydrolysis of ferrous or ferric ions also have a 
positive impact on enhancement of sludge dewaterability, since the precipitation of ferric 
hydroxide will enmesh the flocs and lead to the formation of larger sludge flocs so that the bound 
water existed in the cells could be released to the surrounding.  
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Figure 2. 8 Schematic of the interactions between Fe ions and sludge particles of flocs [42]. (a) 
and (b) illustrate the process of ferrous ions and ferric ions interact with the flocs respectively; (c) 
and (d) describe the 𝐹𝐹𝐹𝐹(II) dosed flocs and 𝐹𝐹𝐹𝐹(III) dosed flocs respectively. 
Although the theory shows that both ferrous and ferric ions are able to improve the sludge 
dewaterability, it has been observed by higher magnification SEM that there is a difference in 
floc structure between two inorganic salts due to considerably different surface topography. The 
surface topography observed by SEM is shown in Figure 2.9. It is clear that the surface of ferric 
dosed flocs had a rough and more diffused structure (Fig. 2.9(c)), while the ferrous dosed flocs 
was smooth and condensed (Fig. 2.9(d)). A possible explanation for the difference is that ferric 
hydroxide (𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻3) ) generated easily and rapidly when adding 𝐹𝐹𝐹𝐹(III)  under the pH 
conditions. Because of the high neutralization capacity of 𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻3), it is easier to participate in 
interactions with the anionic adsorption sites provided by EPS or cell surfaces [43]. Therefore, 
𝐹𝐹𝐹𝐹(III) dosed flocs have a more open structure, which means the effect to improve dewatering 
performance by adding ferric ions should be stronger than ferrous ions. 
 Figure 2. 9 SEM of Fe(II) dosed (b, d) activated sludge and Fe(III) dosed (a, c)activated sludge 
Magnifications: (a) = 3799×, (b) = 2822×, (c) = 25027×, (d) = 22593×. [42]. 
The previous experimental results about addition of inorganic salts to improve sludge 
dewaterability are summarized in the Table 2.3. 
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Table 2. 3 Summary of experimental results about addition of inorganic salts to improve sludge dewaterability 
Sludge characteristics Dosage of Fe (mg 𝐹𝐹𝐹𝐹 /g dry solids) Sludge dewaterability 
Types Initial pH Solid 
contents 
Operating 
conditions 
Dosage of 
𝐹𝐹𝐹𝐹2+ 
Dosage of 
𝐹𝐹𝐹𝐹3+ 
SRF 
reduction 
(%) 
 
CST 
reduction 
(%) 
Water 
removal 
efficiency 
(%) 
         
Coagulation sludge 
[44] 
7.7-8.5 30 (mg/L 
TS) 
Lime-softening 
operation 
— 6 (mg/L) — — 3-9 
Waste sewage 
sludge 
[45] 
6.48-7.12 1.21 (% TS) — — 50-100 89.5-96 — — 
Thickened activated 
sludge 
[46] 
7.41 2.72 (% TS) A.ferrooxidans 
inoculum (10%) 
2 (g/L) — 88 96 — 
Raw activated 
sludge 
[47] 
6.6-6.8 1.29±0.08 
(% TS) 
pH=4 — 70  — — 29.9 
Raw activated 
sludge 
[47] 
6.6-6.8 1.29±0.08 
(% TS) 
pH=3 — 281  — — 39.5 
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2.3.5 Individual oxidant addition 
Chemical oxidation generally refers to the use of oxidizing agents such as ozone 𝑂𝑂3, hydrogen 
peroxide 𝐻𝐻2𝑂𝑂2, permanganate 𝑀𝑀𝑀𝑀𝑂𝑂4−, chloride dioxide 𝐶𝐶𝑃𝑃𝑂𝑂2, chlorine 𝐶𝐶𝑃𝑃2 or 𝐻𝐻𝑂𝑂𝐶𝐶𝑃𝑃 or even 
oxygen 𝑂𝑂2. Chemical oxidation is typically applied to situations where organic compounds are 
non-biodegradable, toxic, or inhibitory to microbial growth. What’s more, chemical oxidation is 
also effective for the destruction of many inorganic compounds and the elimination of odorous 
compounds, e.g. oxidation of sulfides (𝐻𝐻2𝐶𝐶 → 𝐶𝐶𝑂𝑂42−) [48]. 
The mechanism of addition of individual oxidant to adjust the activated sludge is that the strong 
oxidizing ability of the oxidizing agent destroys the organic layer on the surface of the activated 
sludge floc and also reduces the surface negative charge to weaken the repulsive forces between 
particles, which are conducive to destabilization and reunion of floc [49, 50]. In addition, the 
oxidant is able to decompose EPS and contribute to rupture of cells effectively [51]. Thereby, the 
release of interstitial water, vicinal water and hydration water from the cells of activated sludge 
generates the improvement of sludge dewaterability. At present, ozone and hydrogen peroxide 
are used and studied commonly as individual oxidants because of their strong oxidability and 
efficient dewatering effect.  
The results from Jie Yang et al ([52]) shown in the Figure 2.10 described that the filter cake 
moisture and SRF decreased when the concentration of 𝐻𝐻2𝑂𝑂2 dosage increased until 100𝑘𝑘𝑘𝑘𝑡𝑡−1 
with a cationic polyacrylamide (𝐶𝐶𝑃𝑃𝑃𝑃𝑀𝑀) dosage at 2 𝑘𝑘𝑘𝑘𝑡𝑡−1  and a jute fiber (𝐽𝐽𝐹𝐹) dosage at 
300 𝑘𝑘𝑘𝑘𝑡𝑡−1 to precondition the sludge samples. The cake moisture and SRF reached 83.01% and 4.65 ×  1013 m 𝑘𝑘𝑘𝑘−1 respectively with the optimum dosage of 𝐻𝐻2𝑂𝑂2 at 100 𝑘𝑘𝑘𝑘𝑡𝑡−1.  
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Figure 2. 10 Dewatering performances and nucleic acid concentration in EPS of the sludge 
preconditioned with increasing H2O2 dosage and 2kgt^(-1) CPAM and 300kgt^(-1) JF [52]. 
Since the oxidation of 𝑂𝑂3 and 𝐻𝐻2𝑂𝑂2 has no selectivity, other groups or structure of the cells 
might also be destroyed. The negative effects on the sludge dewatering will be appeared if the 
amount of oxidant exceeds the optimum dosage. In addition, the price of these strong oxidants is 
relatively high. All of these reasons explained why this method couldn’t be industrialized. 
2.3.6 Free nitrous acid (FNA)-based sludge pretreatment 
Anaerobic digestion, which is a series of biological processes that biodegradable material is 
broken by the microorganisms in the presence of oxygen, has become a mainstream of sludge 
process treatment and has been applied worldwide due to many significant advantages, for 
instance, stabilization the organic matter in the sludge, killing the pathogens, and biogas 
production. However, the slow sludge hydrolysis is generally believed to limit the rate of 
anaerobic digestion [53]. The main reason is that most of the organic matter in the sludge is 
wrapped around the cell wall, and the ingredients of polysaccharide and peptide in the cell wall 
are cross-linked together. This kind of cross-linked structure slows down the destruction and 
dissolution of cell walls from sludge microorganism during anaerobic digestion [54].  
Thus, enhanced pretreatment technology is necessary aiming to break the microbial cell wall and 
release the wrapped organic matter into the extracellular aqueous solution, so that the process of 
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anaerobic digestion could be shortened or reduced. At present, the widely accepted methods are 
pyrolysis, enzymatic decomposition, mechanical methods such as ultrasonic, microwave, and 
chemical methods such as acid / alkali solution, and ozone oxidation [53, 55, 56]. 
In recent years, studies have shown that free nitrous acid (FNA) has a biocidal effect on 
microorganisms at parts per million (ppm) levels, and the sterilization ability has a close 
correlation with FNA concentration. Pijuan et al. ([57]) reported that over a half to 80 percent of 
sludge biomass were killed when using 1–2 mg/L of free nitrous acid (FNA) as pretreatment for 
24–48 hours. And the sludge biodegradability was improved as well, since the original wrapped 
insoluble organic matter released and dissolved into water environment after microbial cell wall 
broke. In addition, FNA can also reduce the sludge production successfully in the wastewater 
biological treatment process. A previous experiment used two sets of SBR reactors to treat 
domestic wastewater for comparison. One of the reactors treated 50% of the remaining sludge by 
FNA and then refluxed to the original reactor. The results demonstrated that the sludge yield 
from the SBR reactor treated with FNA was 28% lower than that of the control group under the 
same operating conditions ([58]).  
The further study from Wang et al. ([59]) depicted that FNA pretreatment can also increase the 
hydrolysis rate and methane production of WAS during the subsequent anaerobic digestion. 
Figure 2.11 shows the methane production reached to approximate 230 L 𝐶𝐶𝐻𝐻4 with 0.36 mgN/L 
FNA, which generated 30 L more methane compared with no FNA pretreatment after 50d of 
digestion time. And the increased FNA levels lead to more methane production under same 
operating conditions. A proportional function between hydrolysis rate and methane production 
with different concentration of FNA pretreatment is given in Figure 2.12. Both hydrolysis rate 
and methane potential were enhanced when WAS was treated with more FNA. Additionally, Law 
et al. ([60]) proposed a method for producing FNA by partial nitrification of the anaerobic 
digestion liquor, indicating that FNA can be obtained by a green, renewable method, which 
further reduces the production cost of FNA and makes FNA a promising pretreatment 
technology.  
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 Figure 2. 11 Comparison of methane production of WAS between with and without FNA pretreatment [59] 
 
Figure 2. 12 The relationship of estimated hydrolysis rate and biochemical methane potential 
with different concentration of FNA treatment [59] 
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2.4 Forward osmosis (FO) membrane filtration 
Forward osmosis technology is a novel membrane separation technique by utilizing osmotic 
pressure differential as the driving force to separate different concentration solutions. Under the 
osmosis pressure, only water molecular is able to pass through the permeable membrane from the 
low concentration solution to another liquor with high concentration, while other solute 
molecules and ions are obstructed by the FO membrane. Since FO only requires low hydraulic 
pressure and the membrane is effective for various kinds of pollutants, this technology draws 
more attention all over the world [61]. Recently, FO process has been applied in many fields, 
such as seawater desalination, orange juice concentrate and wastewater treatment, while using FO 
membrane filtration on sludge dewaterablity will be introduced mainly.  
2.4.1 Principles and affecting parameters 
2.4.1.1 Separation principles of FO membrane  
Forward osmosis (FO) is a physical phenomenon that exists widely in nature. The mechanism of 
osmosis is shown in Figure 2.13. In the presence of the chemical potential difference between 
two solutions, water molecule is transferred from the low osmotic pressure side to the region of 
high osmotic pressure side through selectively semipermeable membrane [62]. The general 
equation of flux for the FO process is expressed as: 
𝐽𝐽𝑤𝑤 = 𝑃𝑃(𝜎𝜎∆𝜋𝜋 − ∆𝑃𝑃)        (Eq. 2.4.1) 
Where 𝐽𝐽𝑤𝑤 is the water flux, A is the water permeability constant of the membrane, 𝜎𝜎 is the 
reflection coefficient, ∆𝜋𝜋 is the osmotic pressure differential and ∆𝑃𝑃 is the applied pressure. 
The solution is separated from the permeate by a semipermeable membrane, so that the water will 
diffuse from the water side through the semipermeable membrane to the brine side, raising the 
brine level until the difference of liquid level ∆𝜋𝜋 is equal to the osmotic pressure differential ∆𝑝𝑝 
on both sides of the membrane (∆𝑝𝑝 = ∆𝜋𝜋) (see Figure 2.14).  
The main advantage of using FO is that it operates at no or low hydraulic pressure, high rejection 
of a wide range of contaminants and lower membrane fouling propensity than pressure-driven 
membrane processes [61].  
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Figure 2. 13 Schematic of forward osmosis membrane separation process [63]. 
 
Figure 2. 14 Solvent flows in FO. ∆π is the difference of liquid level between water and brine 
side [62]. 
2.4.1.2 Membrane type 
The semi-permeable membrane, which allows the water passing from the low concentration side 
to the high concentration side and rejects the diffusion of ions, is classified as the FO membrane. 
The quality of FO membrane is evaluated by the water flux; reverse salt flux and the rejection of 
nutrients Cellulose triacetate (CTA) membranes and thin-film composite (TFC) membranes are 
the two common types applied widely and commercial available [64]. However, the commercial 
types with low cost don’t provide satisfactory performance of the water flux. The novel 
composite FO hollow fiber with an ultra-thin skin layer on the surface has been verified as an 
optimized membrane to solve the low water flux problem [65]. In addition, some TFC membrane 
were also modified the support layer to improve the water flux and selectivity [66]. Hollow fibre 
systems are the principle module type being investigated in FOMBR systems [67].  
2.4.1.3 Draw solution 
Draw solution is a solution system with a high osmotic pressure, which provides the driving force 
for water reclamation. In order to improve the efficiency of FO process to remove more water 
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from the feed solution, selecting an appropriate draw solution is one of the considerable issues. 
Sherub Phuntsho ([68]) has tested five different types of draw solution (𝐾𝐾𝐶𝐶𝑃𝑃; 𝐶𝐶𝑎𝑎𝐶𝐶𝑃𝑃2; 𝑁𝑁𝑎𝑎2𝐶𝐶𝑂𝑂4 
𝑀𝑀𝑘𝑘𝐶𝐶𝑂𝑂4 and urea-neutral compound) to compare their influence for the osmosis. Figure 2.15 and 
Figure 2.16 showed that although 𝐶𝐶𝑎𝑎𝐶𝐶𝑃𝑃2 should have the highest water fiux due to the higher 
osmotic pressure, the experimental results of water flux was lower than KCl and Na2SO4. Urea 
has the lowest water flux since it has very low osmotic pressure that might restrict the contact 
between the urea solution and membrane support layer. This means the performance of FO 
process is not only related with osmotic pressure, but also with the type of draw solution.  
Recently, 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 and 𝑀𝑀𝑘𝑘𝐶𝐶𝑃𝑃2 are the most commonly used types as draw solutes due to the low 
cost, high solubility and ease of regeneration by conventional desalination processes [69].  
 Figure 2. 15 Variation of osmotic pressure of the five different types of DS at various concentrations[68]. 
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 Figure 2. 16 Influence of the type of draw solution and their concentration on the performances of FO process in terms of water flux using deionized water as feed solution 
[68]. 
2.4.1.4 Water flux 
Water flux is a common indicator to measure the performance of FO membrane. The water flux 
increases with increasing concentration of the draw solute, but after reaching a critical flux, the 
increase in the rate of flux slows down because severe membrane fouling occurs [70]. The results 
about changes of water flux (Fig 2.17) from Linares et al ([71]) depicted the flux decreased after 
each cycle of FO operation. The possible reasons for the reduction are the dilution of DS, the 
occurrence of internal concentration polarization and the membrane fouling (introduce in section 
2.4.3).  
Fig 2.17 also showed that membrane flux between two orientations (active layer facing draw 
solution or feed solution) was different, while flux of active layer facing the draw solution was 
higher the other orientation. It is due to the difference of dilutive concentration polarization of the 
draw solute between the two membrane orientations [72]. The mode of active layer facing the 
draw solution causes the concentration polarization took place on the surface of the active layer 
instead of inside the pores, which will lead to less decline in driving force of FO. Since it can be 
alleviated by the cross flow on membrane surface, which in turn leads to a higher membrane flux.  
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Figure 2. 17 The water flux changes (both initial and average) with each cycle during the FO 
process [71] 
2.4.1.5 Indicator for ammonia-nitrogen rejection 
Based on the previous studies, the rejection rate for most of heavy metals, such as Cr, Mn, Ni, 
Cu, Zn and Pb, can reach up to more than 99% [71, 73], which indicates a superior performance 
of the FO on removing heavy metals. And there is no obvious difference on the rejection rate 
when other operating factor changes, such as adjusting feed or draw solution concentration and 
membrane orientations (AL-DS and AL-FS). However, the rejection rates for ammonia and 
nitrogen are not as good as heavy metals. The results (Fig 2.18) from Linares et al ([71]) 
proposed that only 68% ammonia and 57.5% total nitrogen were removed after FO membrane 
filtration. The conclusion is coherent with other studies [61, 62]. Therefore, the performance of 
ammonia and nitrogen rejection should be considered when applying FO technique. The flow 
injection analysis (FIA) is commonly applied on testing the performance of inorganic nitrogen, 
such as 𝑁𝑁𝑂𝑂2, 𝑁𝑁𝑂𝑂𝑥𝑥  and 𝑁𝑁𝐻𝐻4, and also the concentration of phosphate 𝑃𝑃𝑂𝑂4 [74]. The FIA 
samples were measured by using Lachat Quikchem 8500 Series 2 FIA system. 
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Figure 2. 18 Rejection rate of nutrients in the municipal wastewater by forward osmosis process 
[71] 
2.4.2 Applications of FO in wastewater 
Forward osmosis has applied widely for many commercial applications due to low energy 
consumption and simple operation procedure [75], including dilution industrial wastewater, the 
treatment of landfill leachate and the concentration of digested sludge liquids [62]. As early as 
1970s, F. Votta et al. have proposed for the feasibility study of FO process applied in wastewater 
treatment. Although the advantages are significant compared with conventional membrane 
bioreactors [76, 77], for instance less fouling formation and high rejection for many pollutants, 
there are only a few references on the topic of applications of FO. And one of major challenges 
for improving the efficiency of FO technology is the lack of an ideal draw solution that can 
achieve high water flux, low reverse salt flux and easy to recover [78]. 
Many different draw solutes have been studied over the past several decades. Monovalent salts 
(e.g., NaCl and KCl) are effective to generate high osmotic pressure and provide enough water 
flux, however, the draw solution recovery increase the cost and reverse salt flux [79]. Hau et al 
[80] used high charge of EDTA as a novel draw solute for dewatering high nutrient activated 
sludge. The results showed lower salt leakage could be obtained due to larger size of 
𝐻𝐻𝐻𝐻𝐻𝐻𝐶𝐶𝑃𝑃3− anions. To overcome the reverse salt diffusion of monovalent salts, Nguyen et al 
([81]) evaluated the feasibility of applying 𝑁𝑁𝑎𝑎3𝑃𝑃𝑂𝑂4 as draw solution to concentrate sludge 
containing high nutrient, which indicated better performance with high water flux and mitigating 
reverse salt flux compared with the reference solute NaCl. In addition, the influence of sludge 
with different MLSS concentration was also estimated by Nguyen et al [82]. Results described 
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increasing MLSS concentration lead to a slight decrease in the water flux and higher nutrient 
rejection. 
Table2.4 summarized several experimental conditions and results of using FO membrane 
technology to enhance sludge dewatering performance. 
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Table 2. 4 summaries of experimental conditions and results of using FO on sludge dewatering 
Sludge characteristics FO membrane 
characteristics 
Draw solution characteristics Initial 
Flux 
(L/m2
.h) 
 
Hydraul
ic 
retentio
n 
Dewaterability 
 
N 
rejecti
on 
(%) 
P 
rejecti
on 
(%) 
Comments 
Types MLSS 
(g/L) 
DOC 
(mg/L) 
NH4-N 
(mg/L) 
PO4-P 
(mg/L) 
Types Effective 
area (𝑐𝑐𝑚𝑚2) 
Types 
 
DS 
direction 
DS 
volume 
(L) 
Activated 
sludge 
[83] 
7.3 103 — — CTA 
(1) 
35 Concentrate
d brine 
from RO 
(2) 
AL-DS 1 5.1 19 d 
 
MLSS 
concentration 
reached to 39g/L 
after 19 days of 
operation 
— — Lower flux falls due to 
better membrane 
fouling performance 
compared with 
conventional MBR 
Activated 
sludge 
[40] 
3 200±6 100±4 100±3 CTA 106 Typical 
seawater 
(36±1 g/L 
NaCl) 
AL-FS 2 6.15 28 h MLSS 
concentration 
reached 21.5g/L 
after 28h of 
operation 
96.2 98 Increased MLSS 
concentration lead to a 
slight decrease in the 
water flux and higher 
nutrient rejection 
High-nutri
ent 
Activated 
sludge 
[80] 
8 550±6 150±4 150±3 CTA 41.40 0.7M 
EDTA 
sodium salt 
AL-FS 1 10.2 16 h MLSS 
concentration 
reached 32g/L 
after 16h 
operation 
97 99 The salt leakage of 
EDTA sodium is lower 
due to larger size of 
HEDTA3− anions 
 
High-nutri
ent 
activated 
sludge 
[81] 
3.5 300±5 100±2 100±3 TFC 
(3) 
41.40 0.2M 
Na3PO4 
AL-FS 3 8 15 h MLSS 
concentration 
reached 22g/L 
after 15h 
operation 
— 100 Na3PO4 as draw 
solution provide higher 
water flux and lower 
reverse salt flux than 
NaCl 
Notes: 
(1) Commercial asymmetric cellulose triacetate (CTA) cartridge-type membranes, supplied by Hydration Technology Innovations. 
(2) Concentrated brine from RO (30% recovery rate) by dissolving reagent grade 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 (35,790 mg/L), 𝐶𝐶𝑎𝑎𝐶𝐶𝑃𝑃2 ∙ 2𝐻𝐻2𝑂𝑂 (2297 mg/L), 𝑀𝑀𝑘𝑘𝐶𝐶𝑃𝑃2 (7996 mg/L), 
𝑁𝑁𝑎𝑎𝐻𝐻𝐶𝐶𝑂𝑂3 (274 mg/L), and 𝑁𝑁𝑎𝑎2𝐶𝐶𝑂𝑂4 (4526 mg/L) in ultrapure water. 
(3) Commercial thin film composite (TFC) FO membranes (OsMem™ TFC-ES Membrane 130424; HTI, USA), provided by Hydration Technology 
Innovations.
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2.4.3 Operational vulnerability in FO 
2.4.3.1 Concentration polarization 
In theory, forward osmosis can achieve a greater water flux with high osmotic pressure gradient, 
but the study found that the actual flux is far less than expected. This is due to the specific 
concentration polarization caused by the FO process. In the process of FO, the concentration 
polarization is divided into internal concentration polarization and external concentration 
polarization. The study has demonstrated that external concentration polarization is not the main 
reason for lower water flux than expected, since the hydraulic pressure is low [84]. The internal 
concentration polarization describes that when the active layer faces the draw or feed solution, 
the solute will diffuse and fill the porous support layer, resulting in the accumulation of solute on 
the active layer, which causes that the difference of water chemical potential between active layer 
on both sides is lower than its difference between the membrane surfaces. Internal concentration 
polarization cannot be eliminated, however, improving the membrane structure and performance 
could reduce the effect [62]. 
2.4.3.2 Membrane fouling 
In addition to the concentration polarization, membrane fouling is another issue that will affect 
the membrane performance. The fouling is caused by several factors, which can be broadly 
summarized into cross-flow velocity, membrane orientation, the occurrence of internal 
concentration polarization, module design, etc. [85]. Generally, the fouling and damage of 
membrane is caused by the accumulation of solutes or particles on a membrane surface and 
within membrane pores [86]. However, compared with the conventional membrane technologies, 
FO membranes are at a lower risk of membrane fouling because of the low flux conditions and 
the lack of applied hydraulic pressure. The occurrence of fouling leads to a lower effective 
osmotic pressure and water permeability [85]. 
2.4.3.3 Reverse salt flux (RSF) 
The diffusion of water from the feed to draw solution is freely through the semipermeable 
membranes used in FO technology, while most dissolved ions and organic compounds are 
rejected by the membrane due to the permselectively [87, 88]. Although FO membranes have the 
ability to limit the diffusion for major ions, solutes still diffuse at a slow rate through the 
membrane from the DS to the feed due to the high concentration difference of ions between the 
two streams. This phenomenon is known as reverse solute flux (RSF) [89, 90], and is considered 
as one of the disadvantages in FO applications, since the water flux performance reduces due to 
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the decreasing osmotic pressure difference, which will come with higher operation cost [79]. The 
effect of RSF can be reduced when selecting divalent ion salts as the draw solution, such as 
MgCl2 and MgSO4 instead of salts with monovalent ions only (e.g., NaCl), since divalent ion 
having larger hydrated radius are easier to be prevented by the membrane [91]. 
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3. Research objectives and plan 
3.1 Research objectives NO.1: Evaluating the effects of chemical 
addition (individual ferrous, ferric and combination) on sludge 
dewaterability 
3.1.1 Current knowledge and gaps 
Addition of chemical flocculants, like ferrous and ferric ions, has been proved to have positive 
impacts on enhancing the sludge dewaterability (see Table 2.3). When the divalent or trivalent 
cations present in the sludge, flocculation of flocs is easier to occur due to the neutralization of 
negatively charged sludge particles and positively charged cations, so that the repulsive forces 
between particles will be reduced. The sludge dewatering performance is likely to improve 
further in presence of divalent or trivalent ions. In addition, the precipitation of ferric hydroxide 
(𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)3) will also enmesh the flocs and release the bound water existed in the cells to the 
surrounding. However, the difference of dewatering effects between individual ferrous/ferric and 
combination of them is rarely concerned.  
3.1.2 Aims of the study 
Recently, many wastewater treatment plants add chemical polymers to dispose sludge as 
chemical conditioning pretreatment. In this study, the effects of adding individual iron dosing 
(𝐹𝐹𝐹𝐹2+; 𝐹𝐹𝐹𝐹3+) and their combinations will be evaluated.  
Although addition of iron salts is considered as an economical method to improve the 
performance of sludge dewatering based on the literature review, the mechanism of how ferrous 
and ferric salts affecting the sludge structure and the optimum operating conditions are still being 
investigated. Therefore, two series of trials by addition of ferric and ferrous salts respectively are 
designed to analyze their effects on sludge dewatering performance. The purpose of this test is to 
obtain an optimum dosage range by varying concentration of iron sulphate heptahydrate (𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙7𝐻𝐻2𝑂𝑂) and iron chloride hexahydrate (𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂) and also check the role of pH on sludge 
dewaterability by adjusting initial pH values before chemical conditioning.  
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3.1.3 Study approach 
Waste activated sludge (WAS) was collected every two weeks from the dissolved air flotation 
thickener of a local Wastewater Treatment Plant (Brisbane, Australia) with a Solids Retention 
Time (SRT) of 15 days. In order to minimize the microbial activity, the anaerobic digested sludge 
was stored in the fridge at 4℃ before conducting the experiments. The sludge characteristics are 
summarized in Appendix 4. 
Three series of batch tests were designed to estimate the different effects of individual iron 
dosing (ferrous ion-Group A, ferric ion-Group B) and a combination (adding ferrous and ferric 
ions together with different contribution-Group C) addition on increasing the sludge 
dewaterability. The 𝐹𝐹𝐹𝐹2+  and 𝐹𝐹𝐹𝐹3+  stock solution (80 g/L) was prepared by dissolving 
𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂 and 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂 respectively in deionized water. The concentration of stock 
solution is determined based on the mass balance calculation (see examples of mass balance 
calculation in Appendix 3). And the designed pH of sludge was adjusted by 1 M sulfuric acid 
(𝐻𝐻𝐶𝐶𝑃𝑃) and 1 M sodium hydroxide (𝑁𝑁𝑎𝑎𝑂𝑂𝐻𝐻) respectively. Table 3.2 summarized the design of 
three groups of batch tests to evaluate the performance of sludge dewatering by adding iron salts 
with varying concentration.  
In order to estimate the effect of pH on sludge dewaterability, 1 M HCl and 1 M NaOH are used 
respectively to adjust the sludge to be acidic or alkaline. Five samples (showing sample details in 
Table 3.1.3) were set to evaluate the impacts of acid/alkaline conditioning.  
Table 3.1. 1 Experimental design of the batch tests for various concentrations with initial pH 
Group No. Digested 
sludge (mL) 
Initial pH 𝐹𝐹𝐹𝐹2+ 
addition 
(g/gTS) 
𝐹𝐹𝐹𝐹3+ 
addition 
(g/gTS) 
A. Effects of 
𝐹𝐹𝐹𝐹2+ at 
various 
concentrations 
1 50 7.5 0.05 0 
2 50 7.5 0.15 0 
3 50 7.5 0.25 0 
4 50 7.5 0.30 0 
      
B. Effects of 1 50 7.5 0 0.05 
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𝐹𝐹𝐹𝐹3+ at 
various 
concentrations 
2 50 7.5 0 0.15 
3 50 7.5 0 0.25 
4 50 7.5 0 0.30 
      
C. Effects of 
concentrations 
of combination 
(𝐹𝐹𝐹𝐹2++𝐹𝐹𝐹𝐹3+) 
1 50 7.5 0.05 0 
2 50 7.5 0.04 0.01 
3 50 7.5 0.025 0.025 
4 50 7.5 0.01 0.04 
5 50 7.5 0 0.05 
 
Table 3.1. 2 Experimental design of changing pH to evaluate the effects on sludge dewatering 
Sample Digested 
sludge (mL) 
Initial pH Designed pH 𝐹𝐹𝐹𝐹2+ 
addition 
(g/gTS) 
1 50 7.5 7.5 0.15 
2 50 7.5 3.0 0 
3 50 7.5 3.0 0.15 
4 50 7.5 9.0 0 
5 50 7.5 9.0 0.15 
 
To start the tests, 50 mL digested sludge was put into a beaker and recorded the initial pH of raw 
sludge. After that, chemical reagents (𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂; 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂; and combination of both) 
with designed dosage were added into the beaker. The additive amount of iron dosing was 
calculated beforehand according to mass balance equations (see Appendix 3). After the chemical 
addition, a 10 minutes slow mix at 100 rpm with stirrer was provided for complete reaction. 
When the mixing is finished, Oaklon pH portable meter (model WD-35613-54) was used to 
measure the final pH of conditioned sludge. And then, 50 mL treated sludge was divided into 10 
mL for CST testing and left 40 mL for solid concentration testing. The detailed experimental 
procedures are listed in Appendix 1. 
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Capillary suction time (CST) and solid contents are applied as indicators in this experiment to 
reflect the dewatering performance. 
A capillary suction timer (Trition-WPRL, Type 304) was used to measure the CST values for all 
of the tests. CST testing started by pouring a certain amount of sludge (general 10 mL) into the 
stainless steel collar and then the water flew through a filter paper. The movements of water 
controlled the timer, while the capillary suction time could be read directly from the timer and 
reported in seconds. The reduction percentage R (%) of CST is expressed in the Equation 2.2.4.   
Solid content (%) was also measured for each trial to avoid the testing errors from CST. The dry 
solids content is expressed as a percentage of weights of both suspended solids and dissolved 
salts in relation to the weights of sludge samples. The measurement procedures are weighting the 
crucible (M1), then centrifuge the sludge and remove the supernatant afterwards. The left sludge 
is distributed into triplicate samples and measures the weight of the crucible plus sludge (M2). 
After weighting, the sludge is dried in the oven with 105°𝐶𝐶 for a night. The final weight of 
crucible plus dried sludge (M3) is recorded after a night. The expression of solid content w’ (%) 
is given in Equation 2.2.2 (mass of m1=M3-M1; mass of m=M2-M1). The operation process of 
solid content testing is shown in the Fig 3.1.1. 
 
Figure 3.1. 1 The operation process of solid content testing 
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3.2 Research objectives NO.2: Evaluating the effects of combination 
of chemical addition and forward osmosis on sludge dewaterability  
3.2.1 Current knowledge and gaps 
Forward osmosis as a new type of membrane separation technology has been developed in recent 
years. Due to low energy consumption, high separation rate and simple operation process [75], 
this technology has wide applications in the seawater desalination, landfill leachate treatment and 
water purification [62]. Many studies [46, 81, 82] indicated that the dewaterability of activated 
sludge containing high-suspended solid could be enhanced by FO membrane technology, which 
provided great results with satisfactory water flux performance and high rejection rate of 
nutrients. 
Although FO process is a feasible method for sludge with high-suspended particulate, only a few 
literatures focus on the effect of sludge dewatering when using FO membrane filtration to deal 
with anaerobic digested (AD) sludge, which has lower MLSS values, since the suspended solids 
are broken into small particles after anaerobic digester. 
3.2.2 Aims of the study 
The aim of this experiment is to determine the feasibility of FO membrane filtration in dealing 
with the AD sludge with low content of suspended solids. Two sources of sludge are available for 
the experiment, so that the difference between AD sludge as control and AD sludge with free 
nitrous acid (FNA) pretreatment will be compared. Based on the pervious results from ferric and 
ferrous chemical conditioning, the optimum chemical dosage on sludge dewatering has been 
determined. The combination of iron doing pretreatment and FO membrane technique will also 
be conducted to analyze the feasibility and efficiency.  
3.2.3 Study approach 
3.2.3.1 Methodology 
Two sets of experiments are designed to decide the difference of dewatering sludge by FO 
membrane process only and combination of FO process with chemical conditioning (addition of 
ferric ions) together. The detailed experimental plan is listed in Table 3.2.1. 
Table 3.2. 1 Experimental design of two sets of FO process on sludge dewatering 
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Since two groups of testing are designed to conduct simultaneously for each set to confirm all the 
operational conditions (temperature, pressure, sludge condition, draw solution etc.) are exactly 
the same, two pumps are used at the same time for the two experiments. Therefore, the 
calibration test is necessary for pumps to unify the flow rate into standard.  
Calibration test 
The two pumps were operated with different speed (60 80 100 rpm) when both draw solution and 
feed solution were water, the time that water outflow reached 50 mL was recorded and then plot 
the graph of pump speed (volume divide by time) against flow rate to control two pumps with 
same flow rate. 
The following Figure 3.2.1 shows the experimental procedure and the relative operating time for 
every step of FO membrane filtration. And the methodology is described in details below the 
graph. 
 
Figure 3.2. 1 Flow diagram of FO membrane filtration 
Preparations of feed and draw solution 
 Set 1  Set 2 
Control group  Experimental group Control group Experimental group 
Feed 
solution 
800mL diluted AD 
sludge 
800mL diluted AD 
sludge with FNA 
pretreatment 
Addition of 0.15g/gTS 
𝐹𝐹𝐹𝐹3+ into 800mL 
diluted AD sludge 
Addition of 
0.15g/gTS 𝐹𝐹𝐹𝐹3+ 
into 800mL diluted 
AD sludge with 
FNA pretreatment 
Draw 
solution  
1L of 70g/L 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 1L of 70g/L 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 1L of 70g/L 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 1L of 70g/L 𝑁𝑁𝑎𝑎𝐶𝐶𝑃𝑃 
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400mL of two sources of AD sludge (control and experimental with FNA pretreatment) and draw 
solutions were weighted by the electrical balance before the experiment and record the masses 
using for calculation of nutrients rejection performance. Because of the thickened AD sludge, 400 
mL of RO water was added to dilute the two kinds of sludge into 800 mL for good running of the 
pumps. 70g/L NaCl solution was made for two groups as well (see 3.2.3.2 for selection of draw 
solution). In addition, the conductivity of sludge before and after dilution were recorded. 
Stabilization test  
The first set of experimental procedure started with feeding both FO processes (shown in Fig 
2.2.1) with 400mL RO water in the feed tank and 1L of 70g/L NaCl in the DS tank. Then, the 
recirculation pumps were run to check the leaking problem. The stabilization test lasted about 20 
minutes until the values of water flux were stable. The water flux is recorded automatically via a 
computer. The purpose of this step is to check the performance of membrane. 
Baseline test 
After that, both feed solutions were replaced water with 800mL diluted control AD sludge and 
800 mL diluted sludge with FNA respectively. Apart from that, 5mL sludge samples of two 
sources are collected by needle tubing and used 0.45𝜇𝜇m filter to filter the samples to get clear 
solution without insoluble contents. Samples needed to dilute to make sure the concentration of 
nutrients ranging between 0.03 to 12 ppm. The total volume of 10 mL per sample was sent for 
analysis. Afterwards, running the baseline tests with 70 mL/min of flow rate for around an hour 
in order to obtain the initial water flux. Since the AD sludge was thicken, a slow flow rate is 
provided to make sure the normal circulation of the feed solution. It is notable that the water flux 
of baseline test should be higher than using sludge as feed solution.  
Membrane performance  
After obtaining the initial water flux from the baseline tests, the feed solution was replaced the 
RO water with diluted sludge and the FO process was run for at least 24 hours. The water flux is 
recorded periodically via a computer as well. During this step, conductivity of two sources of 
sludge was recorded by electrical conductivity readings every hour. At the end of operation, 
using the same method as previous described to get clear solution from two draw solution for FIA 
testing. 
44 | P a g e   
Cleaning process 
After running for 24 hours, the sludge cakes covered on the membrane were cleaned with RO/ 
deionized water and returned the sludge cake back to the feed solution. 
Check the membrane performance after cleaning 
When the cleaning process is finished, the FO processes were run again for several hours and 
recorded conductivity every hour to check the performance of cleaned membrane through water 
flux values.  
The second set of experiment repeated the same steps, except addition of 15%g/g ferric ions into 
two sources of sludge at the beginning of operation. 
After the experiment, plot the water flux as a function of time to show the sludge dewatering 
performance and calculate rejection performance of ammonia and phosphate. (The detailed 
experimental procedures are provided in Appendix 2). 
3.2.3.2 Experimental materials 
(1) Sludge  
The initial waste activated sludge (WAS) was collected from the dissolved air flotation thickener 
of a local Wastewater Treatment Plant (Brisbane, Australia) with a Solids Retention Time (SRT) 
of 15 days. The sludge was collected every two weeks and stored in a refrigerator at 4 oC prior to 
its use. Then, the sludge samples were digested by anaerobic digestion in two laboratory-scale 
reactors before conducting the FO membrane process. One reactor was filled with the WAS as 
control, and the other was filled with free nitrous acid (FNA) pretreated samples, which was 
treated for 24 hours with addition of nitrite stock solution in the sludge. The characteristics of two 
sources of sludge are summarized in the Table 3.2.2.   
Table 3.2. 2 The characteristics of two sources of sludge applying for FO process 
        Characteristics  
  Sludge  
TS 
(g/L) 
VS 
(g/L) 
COD 
(g/L) 
pH Conductivity 
(mS/cm) 
Ammonia-nitrog
en concentration 
(mg/L) 
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AD sludge as control 34.0 26.13 31.5 7.5 5.11 950 
AD sludge with FNA 
pretreatment 
30.92 22.65 — 7.0 6.94 1300 
 
(2) FO Membrane 
The Porifera membrane supplied by Porifera Inc. was selected in his study. Compared with other 
types, such as CTA membranes, porifera showed excellent properties with higher water flux and 
well rejection performance [92]. Depending on the flux requirements, the effective membrane 
surface was 0.00395 𝑚𝑚2 area. 
The membrane orientation also plays an important role on the water flux performance due to the 
causes of concentration polarization (CP) and membrane fouling. When active layer facing the 
feed solution (AL-FS) showed more stable flux against both bulk DS dilution and membrane 
fouling than facing draw solution, although its flux would reduce relatively [93]. Therefore, 
active layer was designed to face the feed solution in this experiment. 
(3) Draw solution 
Since the AD sludge was thickened and sticky, this experiment is designed to use RO brine, 
which with high salinity can provide more osmotic pressure to ensure the enough water flux. 
However, RO brine is not available in the lab, 70g/L NaCl solution was used to simulate the 
concentration and composition of RO brine [61]. 
3.2.3.3 Experimental device 
The experimental set-up consists of a permeable membrane module, two material tanks, an 
electronic balance and two peristaltic pumps. The permeable membrane module consists of two 
glass cells, while one of them connects to the draw solution and the other connects to the feed 
solution. And the membrane is clipped between two glasses to filter the water. Two peristaltic 
pumps are used to circulate the draw solution and sludge. The weight of draw solution was 
recorded via an electronic balance. From these recorded data, the water flux can be calculated. 
The initial volume of draw solution is 1 liter in order to avoid the concentration changing too 
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much. The schematic diagram of FO experimental process is shown in Figure 3.2.1. The practical 
experimental setup is shown in Figure 3.2.2. 
Figure 3.2. 2 Schematic diagram of using forward osmosis to improve sludge dewatering  
 
Figure 3.2. 3 Experimental setup of FO membrane filtration to treat AD sludge 
Draw 
solution
Feed 
solution
Pump 1
Pump 2
Balance 
membrane
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4. Results and discussion 
4.1 Effects of chemical addition 
4.1.1 Effect of individual ferrous and ferric ions   
 
Figure 4. 1 The solid contents of digested sludge verses the concentration of ferrous and ferric 
salts respectively 
Figure 4.1 describes the percentage of digested sludge solid contents with different concentration 
of ferrous and ferric salts respectively. Because of inadequate sludge supply and time limitation, 
only 4 concentrations of iron salts were conducted, which were 0.05, 0.15, 0.25 and 0.30 gram 
iron salts per gram of total solids. Form the diagram, both addition of 𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂 and 
𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂 increased the solid contents, which means the sludge dewaterability was improved 
by ferrous or ferric conditioning. The effects of ferric ions, which increased the solid contents 
from 7.2% to 10.2%, were better than the ferrous (from 6.7% to 8.6%) ions under the 
concentration ranging from 0.05 to 0.25 g/gTS. However, the dewatering performance decreased 
after adding more than 0.25 g/gTS 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂, while the solid contents almost increased 
linearly for the addition of 𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂 between the range of 0.05 to 0.30 g/gTS. 
In general, the sludge dewaterability is influenced by the changes of pH, and the acidification will 
reduce the CST and SRF values [94]. When iron salts added, the pH of sludge decreased due to 
iron hydrolysis. As the previous introduction mentioned, the optimum pH for effective 
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dewaterability was around 2.5. This means the sludge dewatering performance may worsen if the 
sludge pH beyond the optimum pH to a lower value (see the experimental results from Wong et 
al [36] in Fig 2.6). And this is a most likely reason why solid content decreased after 0.3g/gTS 
ferric iron was added. Based on the graph of pH changes showing below (Fig 4.2.4), the sludge 
pH decreased from 7.35 to 6 when adding only 0.05g/gTS ferric salt. Thus, the sludge pH could 
reduce lower than the optimum value when 0.3g/gTS ferric salts was added, which leads to this 
negative effect on sludge dewaterability. 
 
Figure 4. 2 The CST values of digested sludge verses the concentration of ferrous and ferric salts 
respectively. 
Figure 4.2 shows the reduction of CST when adding different concentrations of ferrous or ferric 
ion, which showed similar results with Figure 4.1.1. The CST reduction of both 𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂 
and 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂 increased with the increasing concentration of iron salts, which also indicated 
the sludge dewaterability was improved after addition of ferrous or ferric ions respectively. The 
percentage of CST reduction for 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂 was higher than 𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4 ∙ 7𝐻𝐻2𝑂𝑂 obviously in the 
whole range of concentration. With the increasing concentration of iron, the CST reduction was 
converged at 98% of CST reduction for ferric, while the convergence was around 70% for 
ferrous.  
In comparison with the results about effect of different dosage of 𝐹𝐹𝐹𝐹3+ on SRF from Niu et al 
([45]) showing in Figure 2.7, the similar conclusion can be observed. In addition of reducing 
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SRF/CST with an increased ferric concentration, both of indicators showed a considerable 
decreasing when the addition of ferric is less than 5%. Then, SRF/CST values almost maintained 
constant when the 𝐹𝐹𝐹𝐹3++concentration was increased beyond 15%. 
Consideration of two figures (Fig 4.1 & Fig4.2), ferrous and ferric ions can improve the sludge 
dewaterabilty effectively, while the ferric salts had a better performance than ferrous adding the 
same concentration. However, addition of more concentration of iron salts does not mean a 
higher dewatering performance. The optimum dosage of 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 ∙ 6𝐻𝐻2𝑂𝑂 is expected to be in 
between 0.25 to 0.30 g/gTS. 
4.1.2 Effect of combination of ferrous and ferric ions 
 
Figure 4. 3 Solid content increments versus five different combination of ferrous and ferric ion 
(error bars are used to represent standard deviation of three duplicated experiments) 
Figure 4.3 shows the percentage of solid content increment under addition of different 
combination of ferrous and ferric, which are 0.05 𝐹𝐹𝐹𝐹2+ , 0.04 𝐹𝐹𝐹𝐹2+ &0.01 𝐹𝐹𝐹𝐹3+ , 
0.025𝐹𝐹𝐹𝐹2+&0.025𝐹𝐹𝐹𝐹3+ , 0.01𝐹𝐹𝐹𝐹2+&0.04𝐹𝐹𝐹𝐹3+  and 0.05 g/g𝐹𝐹𝐹𝐹3+  respectively. The average 
results of three duplicated experiments are given in the Figure 4.3. All of the solid contents are 
concentrated between 6 to 7 percent, which are comparable with Figure 4.1 that the solid content 
reached to 6.7% when 0.05 g/gTS 𝐹𝐹𝐹𝐹2+ added, while solid content increased to 7.2% by adding 
5%𝐹𝐹𝐹𝐹3+ only. However, there is no obvious trend showing the relationship between solid 
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content and chemical conditioning with five different combinations. One of the possible reason is 
that applying solid content as a parameter to indicator sludge dewatering is not sensitive enough 
for the low concentration flocculants, e.g. 5%𝐹𝐹𝐹𝐹2+/𝐹𝐹𝐹𝐹3+. By contrast, results given from CST 
testing (see Fig 4.2), which based on the effect of capillary pressure, are more reliable and can 
provide more accurate measurement for chemical pretreatment with low concentration. 
 
Figure 4. 4 Average CST reduction of three trials versus five different combination of ferrous and 
ferric ion with standard deviation represented by error bars 
Figure 4.4 describes the percentage of CST reduction when conditioning with the same 
contribution of ferrous and ferric as Figure 4.3. The CST reduction rate increased gradually from 
30 to 80% with the increasing proportional addition of ferric, which means the sludge 
dewaterability is improved further when more ferric is added into the sludge solution. 
Therefore, ferric is proved to play a more significant role on sludge dewatering compared to 
ferrous, since the CST values decrease more when more ferric is added. . Based on the principles 
of inorganic flocculants on sludge dewateribility, better performance of ferric compared to 
ferrous was most likely due to the higher charge density and better bridging properties [98]. 
These two features lead to a stronger flocculation ability which break the structure of EPS. This 
situation contribute in releasing more bonded-water from the sludge. 
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Figure 4. 5 Contribution of Fe3+ on improving the sludge dewaterability 
In order to analyze whether ferrous and ferric would influence each other on enhancing sludge 
dewatering performance, Figure 4.5 shows the relationship between CST reduction and the 
contribution of ferric, which was presented through dividing the percentage of addition of ferric 
by overall 0.05 g/gTS iron addition. The contribution of 20% ferric addition can be obtained by 
using the percentage of CST reduction with 0.04 𝐹𝐹𝐹𝐹2+ & 0.01 𝐹𝐹𝐹𝐹3+ chemical conditioning 
minus the value of CST reduction (%) with 0.05 g/gTS 𝐹𝐹𝐹𝐹2+ . And the results for other 
contributions were also calculated based on the same method. From the graph, there was a 
roughly positive proportion between CST reduction and contribution of ferric, which means the 
sludge dewatering performance was only related with the additive amount of ferric when the 
effect of ferrous was eliminated by minus the CST reduction percentage. Although this method 
could not exactly measure the effect of different ferric contribution on sludge dewatering 
performance, it is still a starting point to hypothesize that ferrous and ferric are not likely to affect 
or react with each other on enhancing the effect of sludge dewaterability when adding them 
together. 
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Figure 4. 6 pH changes after chemical conditioning versus five different combination of ferrous 
and ferric ion (error bars are used to represent standard deviation of three duplicated 
experiments) 
Figure 4.6 depicts the sludge pH values after chemical conditioning with different ferrous and 
ferric combination. The pH of initial sludge without adding any chemicals was around 7.35. 
Afterwards, the pH decreased dramatically no matter what combination of iron ion was added. 
The pH declined to 6.58 with 0.05 g/gTS 𝐹𝐹𝐹𝐹2+ chemical conditioning, and the solution became 
more acidic when addition of more ferric composition. Under condition of adding 0.05 g/gTS 
𝐹𝐹𝐹𝐹3+, the pH decreased to approximate 6.1. This can be attributed to the hydrolysis of ferrous 
and ferric, which are expressed as following: 
𝐹𝐹𝐹𝐹2+ + 2𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)2 + 2𝐻𝐻+ 
𝐹𝐹𝐹𝐹3+ + 3𝐻𝐻2𝑂𝑂 → 𝐹𝐹𝐹𝐹(𝑂𝑂𝐻𝐻)3 + 3𝐻𝐻+ 
Since ferric (𝐹𝐹𝐹𝐹3+) has higher positive charge density to neutralize the hydroxyl radical (𝑂𝑂𝐻𝐻−) 
from the ionization of water molecular, more hydrogen ions (𝐻𝐻+) would be generated in the 
solution, which lead to the sludge become more acidic than ferrous chemical treatment. And the 
level of pH reduction is directly dependent on the amount of ferric or ferrous salts added [46]. 
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4.1.3 Effect of pH 
 
Figure 4. 7 CST reduction of digested sludge verses pH under addition of 0.015g/g ferrous ion 
The results from Figure 4.7 showed a significant improvement when adjusting pH from original 
7.5 to 3 and 9 by acid or alkali. A CST reduction with 80.76% from acid conditioning (pH=3) 
proves that acidification can enhance the sludge dewatering properties effectively. The effect is 
nearly equivalent to 0.015 g/gTS ferrous treatment (80.12% CST reduction). However, the 
improvement is too little to be observed when the initial pH was adjusted to 9. When the sludge 
was treated with chemical conditioning (0.015 g/gTS 𝐹𝐹𝐹𝐹2+) and acid/alkaline (pH=3 or pH=9) 
pretreatment together, both of them had higher CST reduction compared with ferrous addition 
only. On the basis of 15% chemical conditioning, the result of pH=9 with 87.75% CST reduction 
is slightly better than pH=3 (82.65%).  
Although conditioning sludge with chemical and acid/alkaline simultaneously got satisfactory 
results, the improvement is not prominent enough by comparison with 0.015 g.gTS ferrous 
treatment. Therefore, adjustment pH before chemical conditioning is not cost-effective based on 
the economic analysis. 
The previous study [46] has indicated that both CST and SRF decreased dramatically when pH 
was adjusted to acidic condition. Figure 2.6 depicted that the most effective pH on sludge 
dewatering performance appeared at 2.67 with 81% CST reduction, which is comparable with the 
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results from the Figure 4.7. When the sludge was acid treated at pH 3, the CST reduced 80.76%. 
This means that acidification is a feasible method to improve the sludge dewatering performance. 
The CST reduction rate remains nearly 0% at pH 9 indicated alkaline surrounding had a negative 
effect and should be avoided on enhancing sludge dewaterability.  
4.2 Effects of FO membrane filtration  
4.2.1 Flux performance 
 
Figure 4. 8 Flux performance of Porifera membrane when using 70g/L NaCl solution to dilute 
two sources of sludge (control & FNA pretreatment) for set1 and set2 respectively The water fluxes of baseline test for two sources of sludge (AD sludge as control group and experimental group with FNA pretreatment) from set 1 experiment are very similar, which are both around 9.11 kg/m2.hour. Although two different pumps are used to run two groups of experiments simultaneously, similar initial water flux means pump is not an affecting factor for analyze of membrane performance through water flux values. For set 2 experiments combining with ferric pretreatment, the baseline water flux for experimental group (FNA pretreatment) with 12.15 kg/m2.h was higher than the control group (9.11 kg/m2.h) mainly because of technical errors when unifying two pumps into standard. The difference in baseline test should be considered for data analysis. The Porifera membranes 
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used in set 1 and set 2 tests were from one piece of membrane, so that the difference in membrane properties can be neglected   According to Figure 4.8, the water flux for both control and experimental group of set 1 reduced significantly until 15th hour operation, and then the reduction rate decreased and the water flux nearly remained constant at the end of the process. The reduction of the water flux performance was due to the formation of membrane fouling and the dilution of the DS, since only 1L of DS was used for each experiment. The dilution of draw solution caused the dropping osmotic pressure, which leads to the reduction of transmembrane pressure. This is one of the major factors that influence the membrane performance. In addition, the average water flux value of experimental group pretreated with FNA at 0.76 kg/m2.h was lower than the control group. The reason is more membrane fouling was generated when diluting AD sludge with FNA pretreatment. The recent study showed that FNA is a strong biocidal agent, which will break the cell structure of microbes and the major components of cell, like polysaccharides and proteins that are also known as EPS, will be released into water environment [57]. The previous research reported that EPS is the major foulant to aggravate the biofouling [95]. The worse membrane fouling due to FNA pretreatment explained why experimental group had a lower water flux than the control. Set 2 experiments showed similar results with set 1, but the starting water flux, which was around 6-7 kg/m2.h, was much higher than set 1 (around 2-3 kg/m2.h). It was due to less formation of membrane fouling at the beginning, since ferric was added to break the structure of the sludge cell and flocculate the small flocs together. The membrane would maintain good properties when the circulated feed solution contained less small particles, thus, the slow process of membrane fouling formation would result in a higher water flux within the first 5 hours. The water flux of experimental group with FNA pretreatment also shows lower values than the control group, which is consistent with set 1 result.  
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Figure 4. 9 Flux performance of Porifera membrane between two sources of sludge (control & 
FNA preatment) after cleaning sludge cake by RO water for set1 and set2 respectively Fig 4.9 depicted the membrane performance after cleaning the sludge cake by RO water for set 1 and set 2 respectively. Although the flux performance of membrane increased again after cleaning, the major values concentrated between 1.5 to 3 kg/m2.h was still lower than starting water flux in Figure 4.8, especially for set 2.  Generally, the membrane fouling generates on the surface of the membrane and within the pores. The sludge cake covered on the surface can be removed easily by using RO water, but the membrane blocking within the pores is hard to clean. From the results of lower water flux after cleaning, RO water is not a feasible approach to remove the membrane fouling blocked in the pores. Apart from that, the previous study verified oxidized iron could deteriorate membrane fouling [96]. Therefore, the water flux of set2 was close to set1 in Figure 4.8, since oxidized iron can also worsen membrane fouling even if the feed solution after chemical conditioning was helpful to reduce membrane fouling. After unstable stage (after 1 hour), the flux of experimental group was also slightly higher than the control group for both set 1 and set 2, which is still coherent with the previous results. This means small particles and structure that broken from the cell because of the FNA pretreatment will block the pores and worsen the membrane fouling. More advanced 
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technique is required to remove fouling in pores and increase the membrane flux performance. According to the results of water flux performance, the membrane fouling affects the performance of membrane seriously, while the results of membrane performance are not satisfactory after cleaning by RO water.  
4.2.2 Ammonia and phosphate rejection performance 
 
Figure 4. 10 Nutriments (NH4-N, PO4-P) rejection performance of two sources of sludge (control 
& FNA pretreatment) after diluting 24 hours by Porifera membrane for set 1 and set2 
respectively Figure 4.10 showed the ammonia and phosphate rejection performance of two kinds of sludge after batch FO experiments between set 1 and set 2. Rejections were calculated using initial concentrations in the feed solution and final concentrations in the DS. From results of set 1 experiment, the rejection performances of phosphate for two sludge (95.16% and 87.82% respectively) shows better results than ammonia (87.69% & 78.13%). RW Holloway ([61]) proposed that FO membrane rejection is generally based on the charge and hydrated radius of the molecules. Because of the normally negatively charged membrane, the negatively charged ions, like NH4-N, will have greater rejection than positively charged ions (PO4-P) due to isoelectric rejection. In addition, the higher rejection of phosphate also attributed to its larger hydrated radius (0.49 nm compared with 0.11 nm 
0.00
20.00
40.00
60.00
80.00
100.00
120.00
 NH4-N  PO4-P
Percen
tage of
 rejecti
on (%)
Nutrients
set 1-FNA pretreatmentset 1-controlset 2-controlset 2-FNA pretreatment
58 | P a g e   
of ammonium) [97]. Both ammonia and phosphate rejections from experimental group with FNA pretreatment are slightly higher than the control group. The reason might be the increasing initial concentration of N and P in the sludge because of FNA pretreating. The nutrient rejection performance improved significantly when combining ferric treatment with FO process together. Ammonia and phosphate rejection rate for control group in set 2 increased 18.4% and 13.4% respectively compared with set 1, and almost no nutrients passed through the membrane for sludge pretreated with FNA and ferric successively before FO process.  According to the previous results summarized in Table 2.4, the nutrient rejection performance for digested sludge by FO membrane is not as effective as activated sludge that has higher MLSS values. The performance enhanced after addition of chemical flocculants, however, the operation cost also increased because of the pretreatment.  
4.2.3 Conductivity 
Table 4. 1 Summary of the results of conductivity during the 24 hours’ running from the four set 
experiments Time (h) Set 1 Set 2 
Conductivity of R1 (control) (mS/cm) 
Conductivity of R2 (FNA pretreatment) (mS/cm) 
Conductivity of R1 (control) (mS/cm) 
Conductivity of R2 (FNA pretreatment) (mS/cm) 
initial 5.11 6.94 4.60 6.76 
After dilution to 800 mL 3.81 4.38 7.70 (After Fe3+ addition) 8.87 (After Fe3+ addition) Run 1h 4.83 3.81 7.88 9.70 
2h 4.80 3.98 8.10 9.45 
3h 4.91 4.12 6.61 9.18 
4h 5.07 4.16 6.66 9.29 
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… … … … … 
21h 11.17 5.17 7.02 8.83 
22h 11.08 5.68 7.12 9.03 
23h 11.03 5.97 7.11 9.10 
24h 10.80 6.68 7.24 9.46  The conductivity of four groups of sludge increased during running the pump for 24 hours of FO process, since the water from the feed solution passing through the membrane lead to the increasing concentration of conducting particles in the feed solution.  For set 1 experiment, the conductivity of control group increased sharply than experimental group from 21 hour to the end of the process. The difference is most likely due to the occurrence of more serious sodium and chloride reverse flux.  The conductivity also showed an increasing trend with the operation time for set 2. The decrease at 3 hour was due to the mixture of sludge. The sludge flocculated together to a large floc after addition of ferric. This means the measured conductivity could be higher in the first two hours before mixture, since the position of conductivity couple is only able to measure the flocs flocculated on the top as shown in Figure 4.11. The large flocs adsorbed various ions and particles are supposed to have high conductivity values.   Except the control group of set 1, the conductivity values from other groups didn’t vary dramatically during the process. Thus, iron dosing and FNA pretreatment are possible to mitigate the effect of RSF, since these pretreatments increased the initial concentration of ions in the sludge. 
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Figure 4. 11 The large floc flocculated after addition of ferric in to the AD sludge 
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5. Conclusion  Based on the results via iron dosing method, the sludge dewaterability was enhanced effectively by addition of individual ferric or ferrous ranging from 0.05 to 0.3g/gTS. However, the results of combining addition verified ferric played a more significant role than ferrous due to its higher charge density and better bridging properties, which could provide better flocculation effect to release more water through breaking the cell structure. The level of pH reduction after iron conditioning is dependent on the amount of ferric and ferrous added. The pH variation also proved the flocculation of ferric hydroxide is the principle of increasing sludge dewaterability by iron dosing treatment. Although pH decreased dramatically during the process, adjusting pH before chemical conditioning didn’t make any considerable difference, which means acid-alkaline pretreatment is not necessary for the iron conditioning from the perspective of cost saving. For FO membrane filtration part, the water flux performance for AD sludge is not satisfactory compared with the previous studies by using activated sludge. Since organic solids are decomposed into small and stable substances during the sludge digestion, these small substances, such as proteins and polysaccharides, will cause serious membrane fouling. And using RO water to clean the membrane is not effective to improve the membrane performance since it is too hard to remove the fouling blocked within the membrane pores without advanced technique. Although combining iron-dosing method with FO process together can enhance the rejection percentage of nutrients (NH4-N and PO4-P), the water flux was still low. The combination of two technologies also cannot solve the membrane fouling issue. Therefore, iron dosing (ferric is superior to ferrous) is considered as a feasible method on enhancing sludge dewaterability due to the better dewatering results and commercially available at low cost, however, FO membrane filtration is not a promising approach for the AD sludge because of serious membrane fouling.   
62 | P a g e   
6. Future study  
The sludge dewaterability is affected by many other parameters and characteristics, like viscosity 
of sludge, it is suggested that the effect analysis of sludge parameters should be considered in the 
future. Apart from that, SEM analysis should also be provided to confirm how flocculants react 
with the structure of EPS to break the cell. These analysis are helpful to understand the 
mechanism of sludge dewaterability and give an extensive guide for the possible approaches. 
Based on the previous results, porifera membrane is applied in this project because of the better 
membrane performance. Due to the difference in sludge properties, other types of membrane with 
different flow rate can be tested as the further step in order to have a general idea about the 
formation of membrane fouling.  
The comparison between FO membrane filtration with other dewatering technologies, such as 
centrifuge and belt press would be analyzed. The FO membrane process is still competitive 
because of the lower energy consumption and lower operating cost, so that economic analysis can 
be provided to determine the feasibility of FO in the industry. 
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Appendix  
Appendix 1. Chemical conditioning experimental design with addition of inorganic salts 
Addition of inorganic salts (ferrous & ferric ions) 
 Waste sludge: (measure the characteristics of the raw anaerobic digested sludge) 
 Solid content 
(%) 
pH TS (g/L) VS (g/gTS) CST (s) 
Value      
 
 Chemical agents: 
Mass concentration of 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3 and 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃2 is 80 g/L; 
1 mol/L HCl; 1mol/L NaOH 
 Steps of sludge conditioning for each batch test: 
(1) The sludge sample is stored at 4℃ to minimize the microbial activity; 
(2) Sludge samples of 50 mL in 100 mL breaker are used; 
(3) Add salts (𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃3/ 𝐹𝐹𝐹𝐹𝐶𝐶𝑃𝑃2) with 0.05 and 0.3 g/gTS dosage under initial pH; 
(4) After each addition, provide a rapid mix for 5 min at 850 rpm followed by a slow mix for 
10min at 400 rpm; 
(5) At the end of mixing, the conditioned sludge is allowed to settle in the breaker for 10 min; 
(6) Test the following data; 
Inorganic salt dosage (g/gDS) 5 30 
CST (s)   
pH   
 
(7) Analyze the results and design for next steps of experiment. 
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Appendix 2. Experimental design of using FO process to improve sludge dewaterability 
FO process testing method 
(1) The sludge sample is stored at 4℃ to minimize the microbial activity; 
(2) Two groups of experiment designed in set 1 are prepared together. Two sources of 400 mL 
sludge samples (with and without FNA pretreatment) are diluted to 800mL to use 
(3) 1L of 70g/L NaCl solution were prepared for two groups respectively as draw solution 
(4) Calibration test for the pump was run to unify the flow rate of two pumps into standard 
(5) Two sources of 400mL sludge and draw solution were weighted by electrical balance and 
record the data in Table??? to calculate ammonia rejection performance for result analysis 
(6) Following Fig 3.2.1 to connect the FO process and feed both FO processes with 400mL DI 
water in the feed tank and 1L of 70g/L RO brine draw solution in the DS tank. Then, the 
recirculation pumps were run to check the leaking problem. 
(7) Replace feed solution with 800mL sludge with and without free nitrous acid (FNA) 
respectively and 5mL sludge samples of two sources are collected by needle tubing and pass 
them through a filter paper to get the clear solution for evaluating ammonia-nitrogen rejection 
performance 
(8) Run FO processes and dilution of the DS for at least 24 hours 
(9) Test Conductivity of both kinds of sludge by electrical conductivity meter every hour and 
record data in the following table 
 Conductivity 
1h 2h 3h 4h … 24h 
AD Sludge as control        
AD Sludge with FNA 
pretreatment 
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(10) After 24 hours operation, pumps are stopped, record the weight of FS and DS respectively in 
the table below and use the same method as previous described to get clear solution from two DS 
for ammonia rejection performance testing. 
 Weight of 
FS 1 (g) 
Weight of 
FS 2 (g) 
Weight of 
DS 1 (g) 
Weight of 
DS 2 (g) 
Weighting before the 
experiment started  
    
Weighting after finishing 
the FO operation 
    
 
(11) Clean the sludge cakes on the membrane with RO/ deionized water and returns the sludge 
back to feed solution tank. 
(12) Restart the FO processes and run for several hours and also record conductivity in the table 
above every hour  
(13) Experiment set 1 was finished and then start set 2 
(14) Add ferric dosing (FeCl3) with 0.05 g/gTS in two sources of 400mL sludge under initial pH 
at the beginning and dilute them to 800mL; 
(15) Then repeat experimental steps (3) to (12) 
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Appendix 3. Mass balance calculation for batch test of iron conditioning  Example of calculation for the stock solution (15% g/g FeSO4.7H2O) 
• The sludge used in the experiment was 34.97 g/L of TS 
• The mass of Fe (assume 50 mL sludge sample): 34.97 g/L * 0.15 g/gTS = 0.2623 g   
• Mass of 15% g/gTS FeSO4.7H2O that need to be added into the sludge: (The mass of Fe/the molar weight of Fe) * the molar weight of FeSO4.7H2O =(0.2623 g/ 56 g/mol) * 278 g/mol = 1.302 g 
• So, the concentration of the FeSO4.7H2O in sludge: 1.302 𝑔𝑔 𝐹𝐹𝑒𝑒𝐶𝐶𝑡𝑡4.7𝐻𝐻2𝑂𝑂
0.05𝐿𝐿 𝑠𝑠𝑓𝑓𝑢𝑢𝑠𝑠𝑔𝑔𝑒𝑒 = 26.04 𝑔𝑔 𝐹𝐹𝑒𝑒𝐶𝐶𝑡𝑡4.7𝐻𝐻2𝑂𝑂𝐿𝐿 𝑡𝑡𝑓𝑓 𝑠𝑠𝑓𝑓𝑢𝑢𝑠𝑠𝑔𝑔𝑒𝑒   
• From here, we assumed that: 
o V1 = 0.05 L 
o C1 = 26.04 g FeSO4.7H2O/ L sludge 
• Then, assumed that the concentration of the stock solution is 80g FeSO4.7H2O/L (This is C2) 
• So, to calculate the volume of stock solution to be pipetted to the into the sludge, use the C1V1=C2V2 equation. 26.04 𝑘𝑘𝐹𝐹𝐹𝐹𝐶𝐶𝐹𝐹4.7𝐻𝐻2𝑂𝑂
𝐿𝐿 𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘𝐹𝐹  × 0.05 𝐿𝐿 𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘𝐹𝐹 = 80 𝑘𝑘𝐹𝐹𝐹𝐹𝐶𝐶𝑂𝑂4.7𝐻𝐻2𝑂𝑂𝐿𝐿  × 𝑉𝑉2 
𝑉𝑉2 = 16.3 𝑚𝑚𝐿𝐿 𝐹𝐹𝑜𝑜 𝑠𝑠𝑡𝑡𝐹𝐹𝑐𝑐𝑘𝑘 𝑠𝑠𝐹𝐹𝑃𝑃𝑠𝑠𝑡𝑡𝑠𝑠𝐹𝐹𝑀𝑀 𝑀𝑀𝐹𝐹𝐹𝐹𝑠𝑠 𝑡𝑡𝐹𝐹 𝑏𝑏𝐹𝐹 𝑝𝑝𝑠𝑠𝑝𝑝𝐹𝐹𝑡𝑡𝑡𝑡𝐹𝐹𝑠𝑠 𝑠𝑠𝑀𝑀𝑡𝑡𝐹𝐹 𝑡𝑡ℎ𝐹𝐹 𝑠𝑠𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘𝐹𝐹. 
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Appendix 4. Characteristics of sludge used for each iron dosing experiments  
The sludge (WAS) characteristics used for each iron dosing experiments are summarized in the 
following table. 
Test number TS (g/L) VS (g/L) Solid content 
(%) 
CST (s) Normalized 
CST 
1 34.62 26.18 17.93 1116.5 32.25 
2 34.59 26.59 17.82 832.3 24.60 
3 34.97 26.92 16.26 982.4 28.09 
4 35.89 27.82 17.35 1349.4 37.60 
5 32.87 25.65 16.90 1126.8 34.28 
6 32.92 24.91 17.48 1134.7 34.47 
7 31.90 24.10 17.65 1323.2 41.50 
 
